Restriction of dietary protein during gestation and lactation in the rat results in a reduction in b cell mass, insulin content and release in the offspring, and glucose intolerance when the offspring reach adulthood. The present study was designed to identify if a particular developmental window existed during prenatal development when endocrine pancreatic development was most susceptible to nutritional insult. Pregnant rats received a low-protein (8%, LP), but isocalorific diet from conception to parturition, during the first 2 weeks of gestation (LP (1-2)), the second week only (LP (2)), or the third week (LP (3)). At other times, they received a 20% protein (C) diet, while control animals received this diet continuously. When the offspring were examined at 130 days age, animals that had received LP diet had a significantly impaired glucose tolerance compared with control-fed animals. Pancreatic morphology was examined in the offspring on postnatal days 1 and 21. The LP diet resulted in a significant decrease in the numbers of large (more than 10 000 mm 2 ) and medium (between 5000 and 10 000 mm 2 ) sized islets present at postnatal day 1 for all LP treatments. Consequently, mean islet area and the mean number of b cells were reduced. The impact of LP diet was most pronounced in LP (2) for females and in LP (3) for males, and this was greater than for continuous LP exposure. Insulin and Glut-2 mRNA expression were impacted negatively by LP in early and late gestation, but increased following administration in midgestation. Total pancreatic insulin content was not altered by LP treatment. Pdx-1, a transcription factor associated with both b cell development and insulin gene transcription, was decreased in female offspring following LP (1-2) and LP (3), but not in males. Pancreatic expression of nestin mRNA, and the abundance of nestin-immunoreactive cells within islets, was decreased by all LP treatments. By postnatal day 21, the mean islet area and number of b cells had largely recovered. However, insulin and Glut-2 mRNAs were elevated in offspring exposed to LP diet, particularly in females. The studies show that LP dietary insult in early, middle, or late gestation, all result in a relative deficiency of b cells following birth, due to a failure to develop larger islets, but that females were particularly susceptible in mid-gestation and males in late gestation.
Introduction
Retrospective epidemiological studies have shown that an increased incidence of hypertension, cardiovascular disease, type 2 diabetes, and osteoporosis in adulthood is linked to a low birth weight, and that the susceptibility to particular metabolic diseases is statistically associated with morphometry at birth (Barker 1998) . Individuals who had low ponderal index at birth were also thin, tended to be more insulin resistant in adulthood with an impaired glucose tolerance, low muscle lipid content, and reduced rates of glycolysis (Phillips et al. 1994 , Taylor et al. 1995 . The maintenance of birth length in these infants suggests that the fetal insult occurs after 36 weeks when the human fetus accumulates substantial fat and glycogen stores (Bernstein et al. 1997) . The incidence of adult hypertension was increased in those who were proportionately small at birth, but these individuals showed no increased risk of adult cardiovascular disease (Barker 1998) . Conversely, individuals born disproportionately small had a greater risk of adult cardiovascular events. Proportionate smallness at birth is a reflection of reduced skeletal length, and is likely to represent an earlier onset of the fetal insult than that which occurs in disproportionate growth. A direct linkage between fetal nutrition and adult metabolic disease was shown from follow-up studies of individuals born during the Dutch famine of 1944 /1945 (Ravelli et al. 1998 , where third trimester famine exposure, in particular, led to adult glucose intolerance and type 2 diabetes. In contrast, maternal malnutrition in early gestation, but not in later fetal development, was associated with a higher body mass index and waist circumference in the adults at age 50 with a profound sexual dimorphism, the relative obesity being seen in the females but not in the males (Ravelli et al. 1999) .
Dietary modifications in early life, such as altered composition, excess or restricted intake, can also predispose to adult metabolic abnormality in rodent models (Alvarez et al. 1997 , Garofano et al. 1997 . Protein restriction within an otherwise isocalorific diet during pregnancy and lactation in the rat results in moderate intrauterine growth restriction and altered development of the pancreas and insulin-sensitive tissues (Reusens et al. 1995 , Guan et al. 2005 . These morphological changes to the pancreas are irreversible. While in early adult life, such animals show an improved glucose tolerance compared with control-fed rats with a greater insulin-stimulated glucose uptake by muscle and adipose (Langley et al. 1994) , by 15 months of age, they show a significantly worse glucose tolerance, particularly in female offspring . A reduction of dietary protein to 8% throughout gestation (low-protein (LP diet)) resulted in a reduced pancreatic weight in the offspring at birth with reduced b cell mass, islet size, and pancreatic vascularity, a diminished rate of b cell replication, but increased developmental apoptosis (Petrik et al. 1999 , Boujendar et al. 2003 . When nutritional restriction was stopped at birth, the islet morphology partly recovered, but when extended to weaning, the effects were irreversible. Islets isolated in late fetal life following LP diet showed a lower basal insulin release and a blunted insulin release in response to glucose, arginine, or leucine (Cherif et al. 1998) . Analysis of b cell cycle kinetics in situ suggested that the cycle length was increased by LP, with an extended G 1 phase (Petrik et al. 1999) . This may reflect a re-programming of cell cycle kinetics that might be imprinted on a precursor stem cell population prior to b cell differentiation. The precise identity of b cell precursors during islet development is unclear, although during pancreatic organogenesis they derive from neurogenin-3-positive cells present within the pancreatic ductal epithelium (Gu et al. 2002 , Mellitzer et al. 2004 . Previously, it was suggested that cells immunoreactive for the intermediate filament protein, nestin, which are present in the developing human and rodent pancreas, represented endocrine cell progenitors (Hunzinker & Stein 2000) . However, we and others showed that nestin-immunoreactive cells in vivo are mesenchymal in origin, and are more closely related to endothelial cell formation (Treutelaar et al. 2003 , Joanette et al. 2004 . Nestin-positive cells within the pancreatic ducts and islets, were reduced at birth in the rat following exposure to LP diet, and rescued in parallel with b cell mass by supplementation of the LP diet with specific amino acids, such as taurine (Joanette et al. 2004) . This suggests that the presence of nestin-immunoreactive cells in the developing pancreas is at least a useful marker of islet formation, and may reflect the development of a supportive vasculature, which is a source of b cell tropic growth factors (Lammert et al. 2001 (Lammert et al. , 2003 .
We have utilized the LP-fed rat model to study in more detail the critical periods of embryonic and fetal development during which a nutritional insult can invoke altered postnatal metabolism, and also to determine if this phenotype shows sexual dimorphism as seen in human populations. We have measured endocrine pancreatic morphology and the expression of genes key for insulin release, since these are early indicators of adult glucose intolerance in this model. Our rationale was that an altered morphology of the endocrine pancreas seen following administration of LP diet during early gestation only would reflect primarily an influence on pancreatic embryogenesis and endocrine progenitor cells. The effectiveness of an insult in midgestation would be more likely to represent a change in islet formation, which begins around day E12 (Soria 2004) , while in late gestation, the LP diet would most likely influence b cell mass and maturation. Islet mass approximately doubles and glucose sensitivity substantially increases in b cells in the last 72 h of fetal life, between 19 and 21 days' gestation.
Materials and Methods

Animals
Female Wistar rats were purchased from Charles River (Montreal, PQ, Canada). The animals were housed in the animal facilities at the Lawson Health Research Institute in a temperature-controlled room with a ratio of 12 h light:12 h darkness cycle and were given food and water ad libitum. Nulliparous rats weighing 250-300 g were mated on the night of proestrus. The presence of sperm in the vaginal smear was confirmed the next morning, and this was taken as the first day of pregnancy. Pregnant females were immediately allocated to one of the following five experimental conditions. Control animals (control) were fed with a 20% (w/w) protein diet, while a second group received an 8% (w/w) isocaloric protein diet (LP). These two groups were fed with the same diet throughout gestation and lactation. The other three groups were designed to study the effects of the protein restriction during a particular window of gestation. Pregnant rats were fed 8% protein diet on the first 2 weeks of gestation LP (1-2), during the second week LP (2), or the third week LP (3). At remaining times, they received control diet. Diets were purchased from Bioserv (Frenchtown, NJ, USA) and were isocalorific, calories being balanced in the LP diet by the addition of carbohydrates. Protein restriction was achieved by reduction in casein content.
Litter size was reduced to four male and four female pups at birth and litters were killed either on postnatal day 1 by decapitation, or day 21 using CO 2 asphyxiation. Four litters of animals of each age were used. The pancreata were dissected, weighed, and fixed in 10% formalin, or snap-frozen in liquid nitrogen for further analysis. The animals were killed, blood was collected for glucose measurement, and 150 ml serum prepared for the measurement of insulin. Glucose was measured with a hand-held glucometer DEX-2 (Bayer). Five animals were subjected to a glucose tolerance test on postnatal day 130. A bolus of i.p. glucose (2 g/kg weight) was given after a 5-h fast and blood sampled from the tail vein for up to 2 h for glucose measurement.
All procedures were performed with the approval of the Animal Ethics Committee of the University of Western Ontario, and in accordance with the guidelines of the Canadian Council on Animal Care.
Immunohistochemistry
After 24 h fixation in formalin, pancreata were dehydrated, embedded in paraffin, and 5 mm thick sections prepared and mounted on Super frost-plus slides (Fischer Scientific, Toronto, ON, Canada). Immunohistochemistry was performed to localize insulin or nestin by a modified avidin-biotin-peroxidase method (Hsu et al. 1981) . In brief, slides were incubated overnight at 4 8C in a humidified chamber with horse-anti-mouse insulin antibody (1:10 000 dilution; Sigma Aldrich) or mouse anti-nestin monoclonal antibody (1:200 dilution; Developmental Studies Hybridoma Bank, University of Iowa, USA). The secondary antiserum was biotinylated goat-anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA) applied for 2 h at room temperature. Slides were washed and incubated with avidin and biotinylated horseradish peroxidase for 2 h at room temperature. Immunoreactivity was then visualized with Sigmafast diaminobenzedine (Sigma) tablet set. Tissue sections were counter-stained with Carrazi's hematoxylin and mounted under glass coverslip with Eukit (Ruth Wagener Ent, Newmarket, ON, Canada). To establish specificity of the antiserum, controls included substitution of the primary antibody with non-immune serum or omission of the secondary antibody.
Morphometric analysis
The tissue sections were analyzed using a Carl Zeiss transmitted light microscope at a magnification of !25 or !400. Analyses were performed with Northern Eclipse (version 6.0) morphometric analysis software (Empix Imaging, Mississauga, ON, Canada). An islet was defined as containing a cluster of greater than four insulin-immunoreactive cells. For each section of pancreas, the following were determined: the total area of pancreatic tissue, the percent contribution of acinar tissue, the number of islets, the area of the pancreatic tissue represented by endocrine cells, the area of each islet, and the area occupied by b cells (insulin positive) within each islet. Islets were arbitrarily separated by area into large (more than 10 000 mm 2 ), medium (between 5000 and 10 000 mm 2 ), and small (less than 5000 mm 2 ). Islet number was expressed per squared millimeter total pancreatic area. Tissue represented both the head and tail of the pancreas.
RIA
The animals were killed and the blood samples were collected from each animal; serum was separated and stored at K20 8C for circulating insulin measurement with a sensitive rat insulin RIA kit (Linco Research, Inc., St. Charles, MO, USA). Total protein was recovered from the protein phase following RNA extraction using Trizol (Invitrogen Life Technologies) and total insulin content was assayed by rat insulin kit (Linco). The assay sensitivity was 3 pM and the inter-and intraassay coefficients of variation were 4 and 9% respectively.
Reverse transcription and real-time PCR
Total RNA was extracted from pancreas using Trizol (Invitrogen) and subsequently purified by RNeasy Mini kit (Qiagen Inc., Mississauga, ON, Canada) coupled with on-column DNase digestion with the RNase-free DNase set (Qiagen) according to manufacturer's instructions. Reverse transcription (RT) was performed using Omniscript RT Kit (Qiagen) following the manufacturer's instructions. Total RNA, 5 mg, was reverse transcribed in a total volume of 50 ml using oligo(dT) primers from Sigma. For every RT reaction set, one RNA sample was set up without reversetranscriptase enzyme to provide a negative control. Reactions were incubated at 25 8C for 10 min, 42 8C for 50 min, and 70 8C for 15 min. Following RT, samples were diluted by adding diethylpyrocarbonate-treated distilled water.
Two different methods were used to quantify mRNAs using real-time PCR. Real-time quantitative PCR was performed using Taqman probe technologies in an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) to determine the relative abundance of the transcription factor Pdx-1 (Mn00435565_m1) and nestin (Rn00564394_m1). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as endogenous control (Taqman Rodent GAPDH Control Reagents, P/N: 4308313). Briefly, PCRs were run in triplicate 50 ml reactions that contained 25 ml Taqman Universal PCR Master Mix (P/N 4304437), 2 . 5 ml of 20! Assays-on-Demand Gene Expression Assay Mix (Applied Biosystems), and 150 ng cDNA. Two-step PCR cycling was carried out as follows: 50 8C, 2 min for 1 cycle; 95 8C, 10 min for 1 cycle; and 95 8C, 15 s; 60 8C, 1 min for 45 cycles.
Secondly, SYBR Green I Quantitative real-time PCR was used to study the expression of insulin, Glut-2, and used b-actin as endogenous control. Specific primers shown in Table 1 were designed using Primer express Software (Applied Biosystems) and were purchased from Sigma Genosys (Oakville, ON, Canada). SYBR-Green I Master Mix (Qiagen) was used as recommended (25 ml Master Mix, 2 ml primers 15 mM each, and 400 ng RT product in a total volume of 50 ml in triplicate). Thermal cycling conditions were 15 min at 95 8C, followed by 50 cycles of 15 s at 95 8C, 30 s at 61 . 5 8C, and 72 8C followed by a standard dissociation curve. Samples were run on a 96-well plate on the ABI PRISM 7900HT Sequence Detection System. The specificity of the SYBR Green 1 assay was verified by performing a melting-curve analysis and sub-sequencing of the PCR products. The comparative threshold (CT) method (DDCT method) was used and validation experiments were performed to demonstrate that efficiencies of targets and reference (house keeping gene) were approximately equal (the plot of log input amount vs DCT has a slope !0 . 1).
Statistical analysis
Data are presented as meansGS.E.M. For pancreas histomorphometry, the operator was blind to tissue identity. Statistical analyses were performed using STATISTICA v5.5 (StatSoft, Inc., Tulsa, OK, USA). Group means derived from at least five sections from each pancreas, each separated by at least 50 mm, were compared by two-way ANOVA. Upon significant interactions, differences between individual group means were analyzed by Duncan's test. Differences were considered statistically significant at P!0 . 05. For quantitative measurement of target gene mRNA using PCR, the different LP treatments were compared with the control and analyzed by two-way ANOVA, followed by a Duncan's post hoc test when interaction was present.
Significance was set at P!0 . 05. These calculations were performed using STATISTICA v5.5.
Results
The relative mean weight (GS.E.M., nZ3 litters) of the pancreas did not differ between control-fed and any LP diet group on postnatal days 1 or 21 (day 1, control 3019G327 mg/kg body weight, LP 3222G572 mg/kg; day 21, control 3999G778 mg/kg, and LP 3921G264 mg/kg). The area of pancreas occupied by acinar tissue did not differ between control-fed animals and any LP-fed group at either age. Blood glucose levels in control-fed animals were 5 . 8G0 . 5 mM (meanGS.E.M.) on day 1 and 5 . 2G0 . 3 mM on day 21, and did not differ in any LP-fed group. Similarly, basal plasma insulin levels did not differ between control-and LP-fed animals on postnatal day 21 (52G7 nM). An i.v. glucose tolerance test was performed on female offspring at 130 days of age. Glucose tolerance was significantly impaired in animals that had received continuous LP diet compared with controls (Fig. 1a) . Basal or glucose-stimulated plasma insulin values did not differ between LP-and control-fed animals throughout the glucose challenge (Fig. 1b) .
We analyzed the effects of maternal LP diet administered for various periods within fetal development and on pancreatic morphology in the offspring. The LP diet did not affect either the percentage area of pancreas occupied by acinar cells, or the total number of islets per squared millimeter of pancreas when administered throughout gestation, or during any developmental window for either females or males, either at postnatal day 1 or 21 (Table 2) . When the islets were separated by area into large (O10 000 mm 2 ), medium (5000-10 000 mm 2 ), or small islets (!5000 mm 2 ), their proportional presence was approximately 75, 13, and 12% respectively. The numbers of medium and large islets were significantly reduced in each of the LP windows, and following continuous administration, at postnatal day 1 (Table 2 ). These differences were greater in LP (2) in females and LP (3) in males. By postnatal day 21, the islet size distribution was no longer different between any LP treatment and control, except for a smaller number of medium-sized islets in LP (1-2) for both sexes. Consequent to the reduction in medium and larger islets following LP treatment, mean islet area was reduced in all treatment windows by postnatal day 1 (Table 3) . This was most pronounced in females during LP (2), and in males during LP (3). As with islet number, these differences had largely disappeared by day 21. When total b cell area was calculated as the percentage occupied by insulin-immunoreactive cells per squared millimeter of pancreas at postnatal day 1, this was reduced in all LP windows and with continuous treatment, in both males and females for medium and large islets (Fig. 2) . This showed that the reduction in islet size was associated with a significant reduction in the number of b cells also. The percentage of b cells within individual islets did not change between the various LP treatments (data not shown), suggesting that the reduced islet size involved a depletion of other endocrine cell types also. Individual b cell area was also unchanged following LP treatments. The contribution of b cells was most reduced during LP (2) for females and LP (3) in males. The reduced b cell relative area in all LP windows persisted at postnatal day 21, but now affected mainly smalland medium-sized islets.
The decrease in area of pancreas occupied by b cells was not associated with differences in the insulin content in the total pancreas, which was not different between controls and any LP window on day 1 (control 98G13 pg/mg pancreas) or day 21 (control 49G16 pg/mg). However, measurement of insulin mRNA showed profound changes related to both gender and LP treatment window. In rats of both gender, insulin mRNA was significantly higher in LP (2) than in control-fed animals on postnatal day 1 (Fig. 3a) , but not for other windows or continuous LP administration. By postnatal day 21, an increased insulin mRNA content was seen for both males and females for LP (1-2), in females for LP (2), and males for LP (3). We extended this analysis to examine the expression of two additional markers of b cell function: the transcription factor Pdx-1, and the glucose transporter Glut-2. Pdx-1 mRNA was significantly reduced in the pancreas of female rats only in LP (1-2) and LP (3) at day 1, but not following continuous administration (Fig. 3b ). These differences were absent by day 21. Glut-2 mRNA expression was significantly increased in both sexes in LP (2) compared with controls on day 1, which was reduced following LP (3) administration, but was unaltered following continuous administration (Fig. 3c) . By day 21, Glut-2 mRNA was increased relative to controls for LP (1-2) in both sexes, in LP (2) for females and LP (3) in males. Hence, parallel changes occurred in the expression of mRNAs for insulin and Glut-2 that, unlike many changes in islet morphology, persist at postnatal day 21. We have previously reported that nestin-immunoreactive stellate cells adjacent to pancreatic ducts, and within islets are closely associated with islet mass and may play a supportive role in endocrine cell formation (Joanette et al. 2004) . Quantification of mRNA for nestin in whole pancreas showed a significant reduction following each individual LP treatment window relative to control-fed rats on day 1 (Fig. 4) , the reduction being greatest in LP (3) and least with continuous LP treatment. This was similar for both sexes. At postnatal day 21, pancreatic nestin mRNA expression had a tenfold lower expression than at day 1 (not shown). Localization of nestin using immunohistochemistry showed a significant reduction in the number of cells juxtaposed to interlobular ducts on day 1 (Fig. 5a ) following continuous LP treatment, but not for individual LP treatment windows. When nestin-positive cells within islets were considered, a reduction was found in the 1-2) ), during the second week only (LP (2)), or during the third week (LP (3)). At other times, animals received a control diet. Islets were separated by size into large (more than 10 000 mm 2 ), medium (between 5000 and 10 000 mm 2 ), and small (less than 5000 mm A CHAMSON-REIG and others . Altered pancreatic morphology numbers within smaller islets only for all LP treatments (Fig. 5b) . This did not differ between sexes.
Discussion
Intrauterine nutritional perturbation has a profound effect on the development of the endocrine pancreas in the offspring, resulting in glucose intolerance, once they reach adulthood (Reusens et al. 1995 . Using the model of LP diet from conception until weaning in the rat, we and others have reported that b cell mass is significantly lower in the pancreas of fetuses and neonates due to a lower rate of b cell proliferation, greater developmental apoptosis, and a lower capillary density within the islets (Cherif et al. 1998 , Petrik et al. 1999 , Boujendar et al. 2003 . Such a phenotype could derive from the disruption of a variety of developmental processes including: (a) an altered phenotype and lineage commitment of embryonic stem cells and endoderm tissue post-implantation, (b) altered development of endocrine precursor cells during pancreatic embryogenesis, (c) a failure of growth of islets once established, or (d) inadequate islet vascularity and angiogenesis to support the substantial increase in b cell mass that occurs shortly before birth. The results of this study suggest that an LP insult during any of these developmental windows has a deleterious effect on b cell mass at birth. It is possible that following LP administration in LP (1-2) or LP (2), there was a recovery of b cell mass by postnatal day 1, and immediate impact of LP diet at these times has been underestimated. The LP diet used here was made isocalorific with the control diet through the addition of carbohydrate. High carbohydrate alone may impact the development of the endocrine pancreas, although there are no specific data in rat models for its impact during fetal life. However, the administration of a high carbohydrate diet to the neonatal rat resulted in a deficit in pancreatic endocrine tissue, and a relative reduction in the presence of large islets (Petrik et al. 2001) .
We previously observed that a reduced rate of b cell proliferation in the offspring of LP-fed animals involved a likely elongation of cell cycle time, suggesting a fundamental change in cell cycle kinetics perhaps 'imprinted' at the level of the endocrine pancreatic stem cell or precursor (Petrik et al. 1999) . Such cells have been identified at low frequency within the mouse pancreas that are capable of multi-lineage potential, including all pancreatic endocrine cell types (Seaberg et al. 2004) . Exposure to LP diet during weeks 1 and 2 of pregnancy substantially decreased mean islet area by postnatal day 1 with a failure to develop larger islets. When maternal rats were given LP diet in the pre-implantation period only, from conception for 4 days, birth weight and postnatal growth rate were reduced (Kwong et al. 2000) . Isolation and culture of inner cell mass cells from blastocysts, or later embryonic or trophectoderm cells, showed a decreased rate of proliferation in vitro. This would support a long-term effect of early nutritional insult on stem and precursor cell phenotype. While the effects of LP diet during weeks 1 and 2 of gestation on b cell presence were similar between male and female offspring, a decrease in the expression of Pdx-1 mRNA, a transcription factor involved in both b cell development and insulin gene transcription, was only reduced in females. Despite the reduced b cell mass, at postnatal day 1 the offspring maintained pancreatic insulin gene expression and protein content. Recently, it has been shown that a differential expression of Pdx-1 within the pancreas occurs following the induction of intrauterine growth restriction by ligation of the uterine vessels, which will impact nutritional sufficiency (Lesage et al. 2001) . It therefore seems likely that intrauterine nutrition can influence b cell mass in the offspring through an altered organogenesis of the endocrine pancreas involving changes to key lineage determinants such as Pdx-1. Pdx-1 expression is repressed by glucocorticoids during pancreatic organogenesis (Shen et al. 2003) . However, while corticosterone levels are elevated in rat fetuses following maternal calorie reduction (Lesage et al. 2001) , maternal and fetal plasma corticosterone levels were not changed following LP diet (Fernandez-Twinn et al. 2003) . A CHAMSON-REIG and others . Altered pancreatic morphology Administration of LP diet for week 2 of pregnancy only had a greater impact on islet size, and the number of b cells, than did LP for both weeks 1 and 2, or week 3 alone, within female offspring. Conversely, the greatest impact of LP diet on male offspring was in week 3 of pregnancy. This suggests possible sexual dimorphism in critical genes determining b cell development. This did not obviously relate to differences in the pancreatic expression of Pdx-1 or Glut-2 mRNAs. However, a gender-specific programming of insulin secretion and action has been reported in the offspring of LP-fed mothers. Post-feeding insulinemia was reduced in males compared with females, although the acute insulin release was increased in males (Sugden & Holness 2002) . Calcium uptake and glucokinase activity was reduced in islets from animals of both sexes (Heywood et al. 2004) . Though these results are complicated by the demonstrated sexual dimorphism in insulin-dependent metabolism following maternal LP diet , they also imply a gender-specific response in insulin secretion in response to protein restriction in utero. Low-protein diet reduced the expression of protein kinase A a within pregnant rat islets, which is implicated in the growth and function of b cells (Milanski et al. 2005) . It is not known if these changes extend to the islets of the offspring.
Administration of LP diet for the third week of pregnancy only, when b cell mass approximately doubles in the fetus, limited islet size and the pancreatic content of b cells to a similar extent as administration of LP diet throughout gestation. This window of administration resulted in the lowest expression of pancreatic Glut-2 mRNA relative to controls. Expansion of b cell mass in late gestation is dependent on tropic growth factors such as insulin-like growth factor (IGF)-II, which is reduced following LP diet (Petrik et al. 1999 ). This is not specific to pancreas, since hepatocytes from offspring of LP-fed animals showed a reduced rate of proliferation, a lower expression of IGF-I, and an increased synthesis of IGF-binding proteins (El-Kattabi et al. 2003) . The relevance of impaired growth factor presence or action to the reduction in islet mass has been demonstrated by its reversal following the administration of the glucagonlike polypeptide-1 analog, exendin 4, to growth retarded, neonatal offspring from mothers subjected to uterine vessel occlusion (Stoffers et al. 2003) .
Offspring of LP-fed rats have reduced islet vascularity (Boujendar et al. 2003) . Endothelial precursor cells within the developing pancreas contribute to capillary growth, and we have shown that continuous LP administration throughout pregnancy limits the presence of putative endothelial precursor cells expressing nestin, CD34, and c-kit (Joanette et al. 2004) . The presence of nestin-positive cells adjacent to pancreatic ducts was reduced following continuous LP administration, but not by administration within any individual window. However, administration of LP diet during any window caused a profound reduction in the frequency of nestin-positive cells within islets, while pancreatic nestin mRNA levels, while reduced in all developmental windows, was significantly lower in LP (3) than with continuous LP administration. This suggests that the rapid pancreatic endocrine development that occurs in the third week of gestation is highly dependent on a parallel increase in vascularity, and this is severely limited by LP diet.
LP diet was discontinued in all animals at birth when the lactating mothers were switched to control diet. By postnatal day 21, almost all differences in mean islet size between LP-and control-fed offspring had disappeared. However, there were still relative deficiencies in the pancreatic content of b cells, and an over-compensation of insulin and Glut-2 mRNA expression. This was apparent in all individual developmental windows, but not after continuous LP administration. Offspring of rats administered LP diet from conception to birth showed relatively impaired glucose tolerance compared with control-fed animals by postnatal day 130, but circulating insulin levels during the glucose challenge were not altered. Since the glucose intolerance resulting from this model has been shown to involve a decrease in insulin sensitivity in target tissues, this may reflect an inability of islets to mount a compensatory increase in insulin secretion.
In summary, LP diet present in early or late gestation impacted endocrine pancreatic morphology at birth. Insulinsecretory potential is likely to be most directly linked to the number of b cells present in the pancreas, represented as relative area occupied within the pancreas. The contribution of b cells was reduced in most LP groups at day 1 and 21, but was most apparent in medium and large size islets. When considered as pancreatic area occupied by b cells, such islets account for the majority of b cells. Despite these deficits, the pancreatic content of insulin did not differ between LP-and control-fed animals, suggesting a compensatory response by the whole pancreas to maintain euglycemia. Islet number, as a measure of the developmental ability to form islet structures, was not changed by LP diet, but the ability of the numerically superior smaller islets to grow medium or large was impaired. This is likely to account for the reduction in total b cells per pancreas at birth. However, following the lifting of LP diet at birth, the number of medium and large size islets could recover by weaning, but still tended to be deficient in b cells. This is likely to contribute to the glucose intolerance observed in adulthood.
